ABSTRACT. In this paper the exact moisture concentration function m(z, t) is used to compute the hygroscopic residual stresses in laminated composites. The governing equations were established by using a full higher-order displacement theory. Hygroscopically induced residual stresses in thick graphite-epoxy composite laminates: Cross-ply [0/90] 8 based on this approach were compared with those obtained by assumption: the moisture concentration m is a constant in all plies through the laminates thickness.
Introduction
When an organic matrix composite is exposed to humid air or to a liquid, the moisture content of the material may change with time. These changes, in turn, affect the decrease in performance of materials [l] . To utilise the full potential of composite materials and structures, their response to hygroscopic environment must be known.
Investigations of such problems have been performed by Pipes, Vinson and Chou [1, 2) . Ootao et al [3] have used the Laplace transform, method of separation of variables with the classical laminated plate theory to asses the transient stress fields in multilayered anisotropic, laminated slabs. An interesting approach has been recently presented by Benkeddad [4] for the transient absorption of moisture in thin laminated plates. Each ply is divided into "supplies" and the exact moisture concentration distribution is approached by linear segments, thank to a finite difference method. Paul and Vautrin [5] studied hygrothermal stresses in thick laminated cylinders by analytical method, the moisture distribution is approached through a finite difference method.
The classical laminated theories are probably the most dominant mainly because they have produced satisfactory results for global analysis of thin laminated composites. However, for thick or moderately thick laminated composites, these theories give poor results because they do not precisely model kinemetic configurations of the laminated composites. Besides, they do not provide meaningful predictions of transv~rse and interlaminar stresses.
The present studies are different from previous studies in that: -The full third-order theory is used, in which both in-plane and out-of-plane displacement components are assumed to have cubic variations through the thickness of the plate.
-The laminate moisture concentration distribution m(z, t) is a true representation of a practical situation. By using the software developed, some numerical results, focusing on hygroscopic residual stresses are presented.
Hygroscopic diffusion mechanism
The Fick equation of diffusion is used to determine the laminate moisture concentration distribution [1, 2] :
where m is moisture concentration; t -time; z -distance through laminate thickness;
Dz -mass diffusity constant through the laminate's thickness.
The moisture concentration m as a function of position z and time t is [2] :
where mi is the uniform, initial moisture concentration inside the material (t = 0), ms is the maximum moisture concentration that is reach in the material for a given ambient condition, h is the laminate's thickness.
If the laminate is assumed to be initially dry ( .:ni = 0 when t = 0, at all z), while its surface z = ±h/2 are exposed to a moisture concentration ms, then moisture concentration in the laminate at position z and time tis an 1l" 2n + 1 exp n z t ' n h In practice, it is much easier to determine, by simple weight measurements, the total amount of moisture by weight rather the actual concentration in a laminate. The amount of moisture by weight in a laminate is usually expressed in percentage terms:
weight of dry laminate
Hygroscopic force and moment resultants
Refering to the principal material coordinates axes (1-2-3) and reference axes (x-y-z) of kth orthotropic layer, the hygroscopic residual stresses can be written as [6, 7, 11] : The relation between CiJ and CIJ is expressed by:
and the relation between the stiffness constants and engineering elastic constants are:
T;; 1 is inverse matrix of stress transformation matrix Ta; Tt: is strain transformation matrix [8] .
The free hygroscopic strains in each ply are defined as: 
The expressions of these strain components are defined in [10] .
-The hygroscopic generalized resultants are determined by:
If the mechanical loads are zero, then by inverting the relations (3.4a), (3.4b), we obtaine the laminate generalized common strain field: In practice, to simplify calculations, moisture content m is usually as2 1 nned to be constant through the laminate thickness.
Numerical results
We will look at two e:itamples of the moisture content distribution profiles through the laminate thickness. The first one is assuming that there is a true varying profile of moisture content distribution (equation (2.3) ); the second example will consider a constant moisture content distribution. The elastic and physical properties of material plies are: E 1 = 140 GPa; E2 = E3 = 10 GPa; G12 = G13 = 4.14 GPa; G23 = 3.2 GPa; V12 = V13 = 0.3; V23 = 0.46; f311 = 0.01; f322 = (333 = 0.3; ms = 13; Dz = 3.9 X 10-s mm 2 /s; t = 10.000 h;
thickness hk = 0.5 mm.
Based on the equation (2.3), we determined the real moisture concentration distribution profile through the laminate thickness (Fig. 1) . The hygroscopic residual stresses in principal (1-2-3) axes at bottom and top surface for each ply of the [0/90]s laminate are given in Table 1 . Their variations through the laminate thickness are illustrated in Fig. 2-4 . It is seen from Table 1 and Fig. 2-4 The hygroscopic residual stresses in principal (1-2-3) axes at bottom and top surfaces for each ply of the [0/90]s laminate are given in Table 2 . Their variations through the laminate thickness are illustrated in Fig. 6-8 . -The residual stresses components o-1 and (J' 2 in the considered laminate subjected to a constant moisture concentrat ion ( m = 1 % in all plies) are systematically greater than the same components in the same laminate, but subjected to a real moisture content m(z, t).
-Although the hygroscopic residual stresses in the transverse direction of the plies are of small magnitudes, they are of significance as the corresponding ply strengths are also low. Based on the governing equations, which were established by using a thirdorder displacement theory, the hygroscopic residual stresses in the cross-ply [0/90]s graphite-epoxy laminated composite were computed for two moisture content distribution profiles through the laminate thickness. The obtained numerical results show that, these stresses .will depend on the moisture concentration distribution profile assumed. In practice, . the moisture content profile is constant only after long period of time (about 10 years for typical lOmm carbon/epoxy laminates [2] ) . Thus, in the initial time period, a moisture concentration is predominant in the plies near the surfaces, and zero in the inner plies about the mid plane . . So that, a real moisture content profile is necessary for the calculation of hygroscopic residual stresses in laminated composites. The hygroscopically induced residual stresses must be account for the strength prediction of composite materials and structures.
